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ABSTRACT
We present z’ -band secondary eclipse photometry of the highly irradiated hot
Jupiter WASP-12b using ULTRACAM on the 4.2m William Herschel Telescope. We
measure a decrease in flux of δ = 0.130 ± 0.013% during the passage of the planet
behind the star, which is significantly deeper than the previous measurement at this
wavelength (0.082±0.015%, Lo´pez-Morales et al. 2010). Our secondary eclipse is best
fit with a mid-eclipse phase, φ, that is compatible with a circular orbit φ = 0.501 ±
0.002, in agreement with previous results (Croll et al. 2011). In combination with
existing data, our eclipse depth measurement allows us to constrain the characteristics
of the planet’s atmosphere, which is consistent with a carbon-rich model, with no
evidence for a strong thermal inversion. If the difference in eclipse depth reported
here compared to that of Lo´pez-Morales et al. (2010) is of physical origin, as opposed
to due to systematics, it may be caused by temporal variability in the flux, due to
atmospheric dynamics.
Key words: planetary systems – stars: individual: WASP-12 – techniques: photo-
metric
1 INTRODUCTION
Observations of secondary eclipses provide a powerful means
of obtaining information about exoplanetary systems. Dur-
ing a secondary eclipse, as the planet passes behind its
host star, a decrease in flux directly corresponding to the
planet’s emission is observed. Photometric measurements of
the secondary eclipse allow us to probe the planet’s ther-
mal structure (Deming et al. 2005), atmospheric composi-
tion (Deming et al. 2006) and constrain the orbital eccen-
tricity (Charbonneau et al. 2005), all which are key in assess-
ing the planet’s albedo, energy budget and tidal history. To
date, ground-based observations have proved to be invalu-
able in aiding the atmospheric characterisation of transiting
hot Jupiters (e.g. Sing & Lo´pez-Morales 2009; de Mooij &
Snellen 2009; Croll et al. 2011; Zhao et al. 2012).
The transiting exoplanet WASP-12b is a large (1.79 RJ)
hot Jupiter on a close (0.0229 AU, 1.09 day) orbit around a
6300 K host star (Hebb et al. 2009). It is one of the largest
? E-mail: dora.fohring@durham.ac.uk
and most intensely irradiated planets currently known, with
an equilibrium temperature of Teq = 2516 K. The combina-
tion of a relatively bright (1.35 M, G0V) host star and a
large close-in planet with an orientation which enables the
viewing of both primary and secondary events make WASP-
12b an ideal system for ground-based follow-up observations.
The overinflated radius of WASP-12b poses a chal-
lenge for standard planetary models, which predict an up-
per limit of 1.2RJ for evolved gas giants (Bodenheimer et al.
2003). Proposed mechanisms for inflation include tidal heat-
ing (Ibgui et al. 2010), Ohmic dissipation (e.g. Perna et al.
2012; Batygin & Stevenson 2010; Huang & Cumming 2012),
or strong irradiation (e.g. Enoch et al. 2012). Previous stud-
ies of WASP-12b have suggested intense tidal forces, giving
it a prolate shape and causing it to lose mass to its host star
through tidal stripping (Li et al. 2010). There is also evi-
dence for the presence of a bow shock around the planetary
magnetosphere directly in front of the planet (Llama et al.
2011). Previous spectroscopic studies have found that the at-
mosphere of WASP-12b is lacking a strong thermal inversion
and possesses very efficient day-night energy circulation, as
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well as an extreme overabundance of carbon, both of which
are contrary to previous theoretical predictions (Madhusud-
han et al. 2011), although this has been recently questioned
by newer photometric data (Crossfield et al. 2012).
Theory predicts that the timescale for circularization of
WASP-12b is very short. Initial radial velocity and eclipse
measurements have suggested an eccentric orbit (Hebb et al.
2009; Lo´pez-Morales et al. 2010), but this was later refuted
(Croll et al. 2011; Campo et al. 2011; Husnoo et al. 2011).
An eccentric orbit would indicate orbital pumping from one
or more undetected planets, or a very low tidal dissipation
(Li et al. 2010).
Previous observations of emission from the dayside at-
mosphere of WASP-12b have been reported using the Spitzer
Space Telescope, at 3.6 µm, 4.5 µm, 5.8 µm and 8 µm
(Campo et al. 2011), and from ground-based observations
in the J, H, Ks (Croll et al. 2011; Zhao et al. 2012) and z’
bands (Lo´pez-Morales et al. 2010).
In this paper, we present a new, high-precision detec-
tion of the z’ (9097A˚) emission from the extrasolar planet
WASP-12b, and discuss the implications on our understand-
ing of the planet. In section 2 we describe our observations
and data reduction. In section 3 we detail our light curve
modelling and eclipse detection. In section 4 we show our
method of error estimation, and in section 5, we compare
the emission of the planet to atmospheric models. Finally,
we discuss our results and provide conclusions in sections 6
and 7.
2 OBSERVATIONS AND DATA REDUCTION
The secondary eclipse of WASP-12b was observed on 2010
January 5 - 6 at the 4.2m William Herschel Telescope on
La Palma using ULTRACAM (Dhillon et al. 2007). A to-
tal of 3592 observations were made in the SDSS u’, g’, and
z’ filters between 22:54 UT and 05:30 UT during excellent
transparency conditions. We obtained 3.05 hours of out-of-
eclipse data and 2.70 hours of in-eclipse data at airmasses
between 1.000 - 2.319. The telescope was defocussed to give
a stellar FWHM of ∼5”, enabling longer integration times
without saturation, and reducing the effects of pixel sensi-
tivity variations across the stellar profile (see Southworth
et al. 2009). An exposure time of 5.6s was used throughout
the run, with a dead time between each exposure of 25ms.
Each frame was timestamped to sub-millisecond accuracy
using a dedicated GPS system (Dhillon et al. 2007).
The data were corrected for bias and flat-field using the
ULTRACAM pipeline software1. The effect of correcting the
fringing that was apparent in the z’ filter was investigated
in detail using a fringe-frame constructed from night-sky
frames; it was found that this correction did not produce
a marked difference in the light curves and so was not em-
ployed in the final reduction.
We performed aperture photometry on the target and
the brightest 9 comparison stars in the 5′ × 5′ field using
aperture sizes of radii 15 - 50 pixels (4.5 - 15 arcseconds).
The best aperture was the one that produced the most sta-
ble photometry with the lowest variance in segments of the
1 http://deneb.astro.warwick.ac.uk/phsaap/software/
ultracam/html/index.html
out-of-eclipse and mid-eclipse regions of the resulting light
curve, and was found using a golden section search (Kiefer
1935). For our data this resulted in an aperture of 42 pixels.
The centres of each star were determined by fitting a Moffat
profile (Moffat 1969) to the PSF of each star. We decided
to add an extra aperture on our target to include a back-
ground star, ∼10” from WASP-12 and partially overlapping
our optimum aperture, as this improved the variance. The
implications of this are discussed in section 4. We found that
the size of the sky annulus did not have a significant effect on
the photometry, and kept it constant with an inner radius of
60 pixels and outer radius of 90 pixels. The sky background
level was determined using a clipped mean method, with
fainter background stars masked out from the sky annuli.
We produced a single light curve by combining indi-
vidual differential light curves that were produced from the
three brightest comparison stars in the field, which had sim-
ilar flux levels to the target in the z’ band. The individual
light curves were weighted based on the inverse chi-square
of a straight-line fit to their out-of-eclipse and mid-eclipse
sections. The scatter per point on this final light curve was
measured as 0.14 mmag, or 0.013%.
In our data, the total drift in the pointing of WASP-
12 on the CCDs was 14 pixels in x and 24 pixels in y. We
tested our data for systematic correlations with x and y
positions of the target on the detector, seeing, sky brightness
variations and telescope parallactic angle. This was done by
fitting linear correlations between each parameter and the
out-of-eclipse portions of the light curve. We did not find any
correlations. We discarded the latter 1.36 hours of the out-
of-eclipse data precisely at the onset of sudden transparency
variations, as they caused the scatter per point to increase
by up to a factor of 100. This left a total of 2740 observations
between 22:54 UT and 04:08 UT, covering phases 0.426 and
0.594 based on the ephemeris of Hebb et al. (2009), and air
masses between 1.000 - 1.477.
3 ECLIPSE MODELLING
To establish the presence of an eclipse we modelled the light
curve using the technique outlined by Sackett (1999) without
limb darkening. The input parameters of the model include
the radii of the star and planet, the semi-major axis, the or-
bital inclination and the ephemeris, as given by Hebb et al.
(2009). We also attempted to use the system parameters de-
termined by Chan et al. (2011), but found that the duration
of the eclipse matches that found by Hebb et al. (2009) more
closely and yields a lower chi-squared fit.
The best-fit model was found by using a downhill sim-
plex χ2 minimisation routine (Press et al. 2007), with the
eclipse depth, δ, the phase of mid-eclipse, φ, and two back-
ground terms, c1 and c2, as free parameters. The two back-
ground terms allow the out-of-eclipse differential flux, B, to
be fitted by an equation of the form: B = c1+c2X, where X
is the airmass. The best-fit model, shown in Figure 1, is an
eclipse with a depth of δ = 0.130%, centered at an orbital
phase φ = 0.501. The reduced χ2 of the fit is 1.083. We also
searched for evidence of a secondary eclipse in the g′ and u′
bands and found our results consistent with no detection in
either.
We performed two tests to confirm the eclipse detection,
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Figure 1. Secondary eclipse of WASP-12b observed in the z’
band. The top panel shows the unbinned raw light curve, with
the best-fit secondary eclipse model (including background) over-
plotted in yellow (see section 3). The middle panel shows the
background subtracted and normalised light curve with the data
binned into groups of 10 data points, corresponding to 1 minute,
again with the best-fit model overplotted. The grey dashed line
shows a depth of 0.082% as found by Lo´pez-Morales et al. (2010).
The bottom panel shows the residuals after subtraction of the
best-fit model from the data shown in the middle panel.
Figure 2. Histograms of the in-eclipse (red line) and out-of-
eclipse portions of the normalised WASP-12b light curve. The
width of each bin is 0.13%, the same as the eclipse depth.
in a manner similar to previously reported eclipse results
(Deming et al. 2005; Rogers et al. 2009; Lo´pez-Morales et al.
2010). In the first test, we averaged all of the fully in-eclipse
data points from the background-corrected light curve and
repeated this for all of the out-of-eclipse points. The differ-
ence between the two measurements gives an eclipse depth
of 0.135% ± 0.005%, where the error is calculated from the
scatter on our in-eclipse and out-of-eclipse data points.
In the second test, we generated histograms of the in-
eclipse and out-of-eclipse portions of the normalised light
curve, and set the bin width equal to the measured eclipse
depth. The result, shown in Figure 2, illustrates how the
flux distribution of in-eclipse points is shifted by one bin, as
expected, with respect to the out-of-eclipse flux distribution
centred on 1.0.
Figure 3. The root-mean-square scatter of our out-of-eclipse pho-
tometry (solid line), plotted as a function of the light curve bin-
ning factor. The dashed line displays the expectation for Gaussian
noise.
4 ERROR ESTIMATION
To compute the error in the eclipse depth and to deter-
mine the extent of systematics, we employ the binning tech-
nique described by Pont et al. (2006). Using this method,
the uncertainty on the eclipse depth, σ(N), is approximated
as the error on the mean of the in-eclipse flux. In the ab-
sence of correlated noise, σ(N) = σw/
√
N , where N is
the number of points in a given interval, here the eclipse,
and σw is the measurement uncertainty, which can be ob-
tained from the uncorrelated rms scatter per out-of-eclipse
data points. When taking into account the covariance of
the data on the timescales of the eclipse, the error on the
eclipse depth can be shown to be well modelled by the re-
lation σ(N)2 = σ2w/N + σ
2
r , where σr is the systematic
(red) noise component. The uncertainty σ(N) can be es-
timated from the data by binning the out-of-eclipse points
in time in intervals of N points: the root mean square scat-
ter of the binned residuals will follow an N−1/2 relation
in the absence of red noise; otherwise, they will be fit by
σ2(N) = σ2w/N + σ
2
r . Binning our data up to the timescales
of the ingress and egress duration of 21 minutes (N = 220),
we find σ(220) ' σr = 0.013%.
We investigated the extent to which uncertainties in the
system parameters affect our eclipse depth and mid-eclipse
results. By varying the inclination, planet-to-star radius ra-
tio, and semi-major axis of the system by 1σ from the re-
ported values in Hebb et al. (2009), the measured eclipse
depth changed by a maximum of 3.59% or 0.28σ, while the
mid-eclipse phase changes by 0.0004%.
We calculated two independent values of the errors in
the eclipse depth and the phase of mid eclipse using the
prayer-bead (Gillon et al. 2009) and bootstrapping (Press
et al. 2007) techniques in order to estimate the error on
the mid-eclipse phase. These provided estimates of φ =
0.501±0.002, δ = 0.130%±0.002% and φ = 0.5014±0.0004,
δ = 0.1298% ± 0.0003%, respectively. Taking the final val-
ues for eclipse depth and mid eclipse phase from the down-
hill simplex results and the errors from the most conserva-
tive estimate out of the Pont et al. (2006) method, prayer-
bead and bootstrap yielded the final result for the phase of
mid eclipse and the eclipse depth as φ = 0.501 ± 0.002 and
δ = 0.130± 0.013%.
It is necessary to discuss the implication of including
additional background stars in our aperture photometry, as
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Observations and model secondary eclipse spectrum of
WASP-12b. Our z’ -band eclipse depth is shown as the red filled
circle with error bars at 0.91 µm, together with previously pub-
lished photometric observations at other wavelengths reported
by Croll et al. (2011), Campo et al. (2011), Cowan et al. (2012)
and Crossfield et al. (2012). The blue circle with error bars be-
neath our data shows the previously published data in z’ band by
Lo´pez-Morales et al. (2010) (see Section 5). The black solid curve
represents a best-fit model emission spectrum of the dayside at-
mosphere of WASP-12b with a carbon-rich composition and no
thermal inversion. The orange dashed curve shows the best fit-
ting blackbody model with a temperature of 3135 K. The green
circles without error bars represent the carbon-rich model inte-
grated over the bandpasses of the data, while the orange circles
are the integrated points for the blackbody model. The temper-
ature profile is shown in the inset. The blue dashed curves are
two blackbody spectra with temperatures of 2200 K and 3200 K
shown for reference. The current data are best fit by a carbon-
rich model without a strong thermal inversion, consistent with
the findings of Madhusudhan et al. (2011).
discussed in section 2. In their paper, Crossfield et al. (2012)
calculate that including an unresolved M dwarf star with a
1” separation from WASP-12 (Bergfors et al. 2011, 2013) in
the photometry aperture dilutes the measured eclipse depth
by 3.97% in the z’ band. Accounting for this star in our
measurement results in an eclipse depth of 0.135%. A sec-
ond faint background star was also included in our aper-
ture, which we have determined from our in-focus images
contributes an additional dilution of 0.9%. This gives a to-
tal corrected eclipse depth of of 0.136%, which is within our
error of ±0.013%.
5 COMPARISON WITH ATMOSPHERIC
MODELS
We used our z’ -band planet-star flux contrast, together
with previously published data, to constrain the atmospheric
properties of WASP-12b. We modelled the dayside atmo-
sphere of WASP-12b using the approach followed in Mad-
husudhan (2012). The model, first developed in Madhusud-
han & Seager (2009), considers 1-D line-by-line radiative
transfer in a plane-parallel atmosphere, with constraints of
local thermodynamic equilibrium, hydrostatic equilibrium,
and global energy balance, and includes the major molecular
and collision-induced opacity sources expected in hydrogen-
rich atmospheres. The temperature profile and molecular
abundances constitute 12 free parameters of the model;
six parameters for the temperature profile and six for the
molecular abundances of H2O, CO, CH4, CO2, C2H2, and
HCN. Given the data, we explored the space of temperature
profiles and composition, both oxygen-rich and carbon-rich
(Madhusudhan 2012), using a Markov Chain Monte Carlo
optimisation algorithm (Madhusudhan et al. 2011) to find
model fits to data. two values have been re
We assumed that all the z’ -band flux arose from ther-
mal emission, in accordance with Lo´pez-Morales & Seager
(2007), who showed that reflected light emission contributes
10-20 times less than thermal emission for very hot Jupiters,
such as WASP-12b. We fitted models of WASP-12b to our
observed z’ -band flux together with existing photometric
data in the J , H, and K bands (Croll et al. 2011), four-
channels of Spitzer IRAC photometry (Campo et al. 2011;
Cowan et al. 2012), and a narrow-band photometric obser-
vation at 2.3 µm (Crossfield et al. 2012). For the two IRAC
data points at 3.6 and 4.5 µm, we adopt the values from
Cowan et al. (2012), which have more conservative error
bars. For the 4.5 µm point, for which two values have been
reported by Cowan et al. (2012), we choose the value that is
consistent with the value reported by Campo et al. (2011).
For all the previously published data, we use the revised val-
ues from Crossfield et al. (2012) which have been corrected
for the presence of a stellar companion. A model fit to all
the data is shown in Figure 4. We found that a carbon-
rich model (with C/O > 1) and a weak thermal inversion
in its dayside atmosphere provides the best fit to all the
present data, in agreement with Madhusudhan et al. (2011)
and Madhusudhan (2012). The model spectrum shown in
Figure 4, of an atmosphere that is carbon-rich and has no
thermal inversion, provides a good fit to the data and has a
χ2 of 22.9. We also explored models with isothermal temper-
ature profiles as suggested by Crossfield et al. (2012), and
found that the best fitting isothermal model (with one free
parameter) has a temperature of 3135 K and a χ2 of 48.8.
To account for the different number of free parameters, we
compared the models using the Bayesian Information Crite-
rion (Schwarz 1978), defined as BIC =χ2 + Npar × ln(Ndat),
where Npar is the number of free parameters, and Ndat is
the number of data. The BIC for the carbon-rich model was
49.3, lower than the value of 51.0 obtained for the isother-
mal model, indicating a better fit. An oxygen-rich model
with or without a thermal inversion also provides a worse fit
to the data compared to the carbon-rich model.An oxygen-
rich model with or without a thermal inversion also provides
a worse fit to the data compared to the carbon-rich model.
Consequently, the present data favour the interpretation of a
carbon-rich atmosphere with no thermal inversion in WASP-
12b.
A more detailed atmospheric retrieval analysis and new
data, which are beyond the scope of the current work, would
be required to place tighter constraints on the C/O ratio of
WASP-12b. In particular, we have used the Spitzer IRAC
3.6 and 4.5 µm flux contrasts reported by Cowan et al.
(2012) and our present observation in the z’ band. In do-
ing so, a few other combinations of previous datasets at the
same wavelengths have not been considered here. For exam-
ple, considering the Spitzer IRAC 3.6 and 4.5 µm data from
c© 0000 RAS, MNRAS 000, 000–000
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Campo et al. (2011), which have lower uncertainties, would
make the carbon-rich model more likely and the isothermal
model even less likely. On the other hand, we have used only
one of the two values for the IRAC 4.5 µm point reported
by Cowan et al. (2012) that is consistent with the value of
Campo et al. (2011). Considering the alternate point could
improve the fit for the isothermal model. Yet other combi-
nations result from using the previously reported z’ -band
flux of Lo´pez-Morales et al. (2010) instead of our current
observation in the same band. We also note that a high-
confidence narrow-band photometric observation at 2.3 µm
might be able to provide a good constraint on the CO abun-
dance. Future observations at this wavelength with more
out-of-eclipse data than reported in Crossfield et al. (2012)
could provide a longer temporal baseline for a reliable esti-
mate of the eclipse depth. We have also not used the thermal
spectrum of WASP-12b obtained in the HST WFC3 band-
pass (1.1 - 1.6 µm), reported by Swain et al. (2012), as it has
not yet been corrected for contamination due to the stellar
companion (Crossfield et al. 2012). A detailed atmospheric
retrieval analysis of WASP-12b based on the various com-
binations of these existing, and possibly re-reduced and/or
corrected, datasets will be pursued in a future study.
6 DISCUSSION
Our observed eclipse depth, i.e. the planet-star flux ratio,
in the z’ band is 58% higher than that reported by Lo´pez-
Morales et al. (2010). This disagreement is at the 2.4-σ level
and there are examples in the literature suggesting that this
is not uncommon, e.g. the z′-band measurements of WASP-
19b by Burton et al. (2012) and Lendl et al. (2013). If this
difference is of physical origin, as opposed to a systematic
error, it may be evidence for temporal variability in the stel-
lar or planetary flux. In principle, stellar variability may be
caused due to stellar flares, as suggested in Haswell et al.
(2012), although this is unlikely given the spectral type of
the host star. On the other hand, if the variability is in the
emission from the planet it would imply temporal changes in
the temperature distribution on the dayside hemisphere of
WASP-12b at pressures close to the planetary photosphere
in the z’ band, typically around 1 bar.
Assuming the stellar flux in the z’ band is constant, our
observation implies a 58% increase in the hemispherically-
averaged dayside thermal emission from WASP-12b over
that observed by Lo´pez-Morales et al. (2010). Since the two
observations were separated in time by 2 months, it may be
possible that transient effects due to atmospheric dynamics
might be causing the observed differences. Indeed, some gen-
eral circulation models (GCMs) of hot Jupiters predict that
large enough spatial structures, e.g. circumpolar vortices, in
their atmospheres could cause temporal photometric vari-
ations in thermal emission from their dayside atmospheres
(e.g. Rauscher et al. 2007; Cho et al. 2008; but cf. Showman
et al. 2009). Rauscher et al. (2007) explored possible pho-
tometric variability in several hot Jupiters as a function of
their mean zonal wind speeds and radiative forcing. For the
example of hot Jupiter HD 209458b, their models showed
variations as high as 60-70% for wind speeds of 800 m/s.
While a similar calculation has not been reported in the
literature for WASP-12b, the order of magnitude higher in-
cident irradiation received by WASP-12b compared to HD
209458b would imply higher wind speeds in WASP-12b and
might cause the observed variability. GCM models of WASP-
12b in the future would be able to investigate this possibil-
ity. Recent work by Fossati et al. (2013) has shown that
variability of a G-type star due to star spots would cause
a magnitude variation of ∼ 0.2%. This amount is too low
to explain our variable eclipse depth. Other work by Henry
et al. (2013) has found absorbing gas around WASP-12. A
variable cloud of gas might cause some Rayleigh scattering,
but that would be significant mainly in the visible, and not
much in the red-optical where our z’ band lies. The effect
of a steady-state circumstellar disk or cloud of gas should
cancel out when we subtract the in-eclipse and out-of-eclipse
fluxes to obtain the eclipse depth.
We have also explored the possibility of local varia-
tions in the surface brightness of the dayside atmosphere
of WASP-12b caused due to potential transient effects, e.g.
“storms”, following Agol et al. (2010). We considered a two-
component z’ -band brightness temperature distribution of
the dayside hemisphere of the planet - a homogeneous back-
ground temperature (T0) and a local perturbation with a
temperature T1 = T0 + ∆T over a region with a parametric
covering fraction (f), i.e. the fraction of the surface area cov-
ered by the perturbation. Assuming nominal covering frac-
tions of f = 0.1 − 0.2 (Showman et al. 2009; Agol et al.
2010), we find that the difference between the two observed
z’ -band fluxes can be caused by temperature fluctuations of
∼ 450 − 750 K or higher, relative to a background temper-
ature of ∼ 3000 K.
7 CONCLUSIONS
We have detected emission from WASP-12b in the z’ band.
We measure the eclipse depth at 0.91µm to be 0.130±0.013
per cent, significantly deeper in comparison to previous data.
Assuming this difference is not caused by systematics, and
that the stellar flux is unchanging, given the early spectral
type of the star, the observed discrepancy may be caused
by a temporally variable photospheric temperature of the
planet. Local thermal fluctuations in the surface brightness
distribution of the planet caused by atmospheric dynam-
ics may be able to explain the observed variability, which
can be further constrained using general circulation models
of WASP-12b in the future. Considering our z’ -band obser-
vation along with previously reported photometric observa-
tions in other bandpasses, we find that the sum-total of data
are best explained by a carbon-rich model, with no evidence
for a strong thermal inversion, as has been previously re-
ported. We also estimate the mid-eclipse phase of the planet
to be 0.501± 0.002, which corresponds to a circular orbit.
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